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Florally rich habitats reduce insect pollination and the 
reproductive success of isolated plants
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1  | INTRODUCTION
Changes	 to	 the	 availability	 and	diversity	 of	 floral	 resources	 through	
altered	 land	 use,	 including	 increased	 landscape	 fragmentation	 and	
simplification,	can	have	considerable	impacts	on	the	structure,	abun-
dance,	 and	 diversity	 of	 pollinator	 communities	 (Potts	 et	al.,	 2016;	
Senapathi	 et	al.,	 2015;	 Vanbergen	 et	al.,	 2013).	 With	 an	 estimated	
87.5%	of	flowering	plant	species	worldwide	at	least	partly	reliant	upon	








sity,	 and	 habitat	 context	 (Essenberg,	 2012;	 Mayer,	 Van	 Rossum	 &	
Jacquemart	 2012).	 Habitats	 supporting	 a	 high	 abundance	 and	 spe-
cies	 richness	 of	 flowering	 plants	may	 either	 enhance	or	 disrupt	 the	
transference	of	pollen	 to	plants	 (Blaauw	&	 Isaacs,	 2014;	Vanbergen	
et	al.,	2014).	The	outcome	depends	on	pollinator	visitation	patterns,	
which	 are	 determined,	 in	 part,	 by	 the	 demography	 and	 characteris-
tics	 of	 a	 species’	 population	 relative	 to	 heterospecific	 co-	flowering	
plants	 (Essenberg,	2012).	 For	 instance,	when	at	 low	 floral	 densities,	
co-	flowering	 heterospecific	 plants	 can	 facilitate	 pollinator	 visita-
tion	to	a	plant	population	by	enhancing	the	overall	attractiveness	of	


















2016)	 and	 optimal	 foraging	 theory	 predicts	 that	 they	will	maximize	

















might	 lead	 to	greater	 inter-	specific	plant	competition	 for	pollinators	
(Ghazoul,	2006)	and	reduce	the	probability	of	long-	distance	pollen	dis-
persal	(Eckert	et	al.,	2010).
One	 approach	 to	 understanding	 the	 interaction	 between	 floral	
community	diversity	and	pollinator-	mediated	gene	flow	in	locally	rare	
plant	populations	is	to	analyze	plant	mating	patterns	using	highly	vari-
able	molecular	markers	 (microsatellites).	This	 permits	 inference,	 and	
















plant	 populations	 could	 face	 a	 reduction	 in	 compatible	 mates	with	
negative	 implications	 for	plant	 reproduction	 (Wagenius,	 Lonsdorf,	&	
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ii.	 The	body	size	distribution	of	pollinators	would	be	greater	in	florally	
rich	 habitats,	 reflecting	 the	 preference	 of	Bombus	 spp.	 to	 flower	






iv.	The	 reproductive	 success	 (seed	 set	 and	 progeny	 viability)	 of	
Eschscholzia californica	would	 be	 reduced	 in	 florally	 rich	 habitats,	
reflecting	a	higher	incidence	of	self-fertilisation.
2  | MATERIALS AND METHODS
2.1 | Experimental site and study system




ment	 “treatments”	 have	 been	 established	 and	 managed	 across	 the	
estate	within	a	 randomized	block	design.	These	 treatments,	 applied	
to	 50–60	ha	 replicated	 land	 parcels,	 comprise	 varying	 proportions	





To	 test	 our	 hypotheses,	we	 introduced	 the	Californian	 poppy,	
Eschscholzia californica	 Cham.,	 (Papaveraceae)	 (Seed	 source:	
Chiltern	 seeds	 Ltd.,	Wallingford,	 UK).	 Although	 considered	 natu-
ralized	 in	 the	UK	 (Preston,	Pearman,	&	Dines,	2002),	E. californica 
was	 locally	 absent,	 allowing	us	 to	unequivocally	 ascribe	paternity	
in	mating	events.	Eschscholzia californica	 is	 a	diploid	 species,	with	
a	 partially	 self-	compatible	mating	 system,	 characterized	 by	 a	 low	
propensity	to	self-	fertilize	(Wright,	1979),	and	thus	predominantly	
requires	 insects	 for	 pollen	 transfer	 (Becker,	 Gleissberg,	 &	 Smyth,	
































within	 the	 florally	poor	habitat.	The	use	of	 agri-	environment	 scheme	
wildflower	patches,	sown	with	a	common	mix	of	25	species,	including	
Trifoilum pratense,	Centurea nigra,	and	Leucanthemum vulgare	at	a	rate	of	 
37	kg/ha	 (Carvell	et	al.,	2007),	allowed	 for	 the	standardization	of	 flo-
rally	 rich	 treatments	 across	 the	 four	 blocks.	 To	 ensure	 our	 habitat	
classification	was	 accurate,	 prior	 to	 the	 start	 of	 the	 experiment,	we	
established	 the	 local	 floral	 abundance	 (Mean	±	SE	 flowers/m,	 flo-
rally	 rich	=	235.25	±	42.15;	 florally	 poor	=	26.25	±	14.08)	 and	 plant	
diversity	 (Shannon	 Mean	±	SE	 florally	 rich	=	0.83	±	0.17;	 florally	
poor	=	0.28	±	0.15)	by	recording	all	floral	units	within	a	1m	radius	sur-
rounding	 each	 experimental	 array	 (plant	 species	 list	 for	 each	 habitat	
type:	Table	S1).
2.2 | Pollinator activity and species richness
Pan	 traps	are	 typically	deployed	 to	describe	pollinator	 species	 rich-
ness	 and	 activity	 densities	 (Westphal	 et	al.,	 2008).	 They	 have	 also	
been	used	to	provide	a	surrogate	measure	of	visitation,	allowing	for	
longer	 periods	 than	 standard	 observation	 methods	 (Ricketts	 et	al.,	
2008).	However,	this	survey	method	has	been	recognized	to	exhibit	
bias	 (Roulston,	Smith,	&	Brewster,	2007)	because	the	attractiveness	



















relates	with	 foraging	 range	 (Greenleaf	 et	al.,	 2007)	 and	 to	 a	 lesser	
extent,	 pollen	 deposition	 (Larsen,	 Williams,	 &	 Kremen,	 2005),	 we	
measured	 the	 intertegular	 span	 (the	 distance	 between	 the	 wing	













ditions	 (day:	 night	=	20°C:15°C	 photoperiod	 light:	 dark	=	12:12	hr).	
Once	 at	 seedling	 stage,	 50	mg	 of	 fresh	 leaf	 material	 was	 removed	
from	95	plants	and	DNA	was	extracted	from	each	sample	following	
the	Qiagen	DNeasy	96	plant	kit	protocol	(QIAGEN	Ltd.,	Manchester,	









cycles	 of	 94°C	 for	 30	s,	 55°C	 (or	 56°C	 depending	 upon	 loci)	 for	
60	s,	 72°C	 for	 30	s,	 followed	 by	 a	 final	 elongation	 phase	 of	 72°C	
for	 10	min.	 Standard	 reaction	 conditions	 were	 as	 follows:	 10	ng	
of	DNA,	0.1	μl	 of	 reverse	primer	 (20	μmol/L),	 and	DS-	33	attached	
forward	 primer	 (20	μmol/L),	 0.08	μl	 dNTPs	 (100	μmol/L),	 0.1	μl 
BSA,	1	μl	Buffer,	and	0.1	μl	Taq	polymerase	in	a	10-	μl	reaction.	The	
PCR	products	were	combined	and	visualized	on	a	2%	agarose	gel.	
Fragment	 analysis	was	 then	 performed	 on	 an	ABI3730	 under	 the	
following	conditions:	0.3	μl	Liz	500	size	standard,	8.7	μl	HiDi	forma-
mide,	and	1	μl	PCR	product.	Alleles	at	all	seven	loci	were	manually	
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2.4 | Pollen movement
To	 detect	 pollination	 events,	 we	 genotyped	 approximately	 ten	

















ference	between	 the	 likelihood	 score	of	 the	most	 likely	parent	 and	
the	second	most	 likely	parent	 (Marshall,	Slate,	Kruuk,	&	Pemberton,	
1998).	We	only	 included	assignments	with	a	 trio	∆	confidence	 (the	
likelihood	 score	 of	 a	 mother-	father-	offspring	 match)	 above	 95%,	
which	 is	 classified	as	high	confidence	 (Marshall	 et	al.,	1998).	For	all	
paternal	 assignments,	we	 recorded	which	habitat,	 if	 any,	 the	pollen	
had	crossed	together	with	the	distance	travelled.
2.5 | Plant fitness components: seed production, 
germination rates, and progeny traits
All	 open	 flowers	 were	 removed	 from	 the	 48	 genotyped	 E. califor-























under	 glasshouse	 conditions	 (as	 above).	 Germination	 was	 recorded	
daily	over	a	30-	day	period,	and	any	seeds	which	had	not	germinated	










































“fruit	 nested	within	 plant”	 for	 seed	production	 (n =	618)	 to	 account	
for	variation	between	plants	and	fruit.	Where	present,	overdispersion	
in	the	data	was	controlled	for	by	fitting	an	observational	level	param-
eter	 to	 the	 random	effects	 (Harrison,	2014).	We	used	AIC	stepwise	
selection	to	find	the	minimum	adequate	model	(Burnham	&	Anderson,	




analyses	 were	 conducted	 with	 R	 version	 ×64	 (R	 Core	 Team	 2013)	
using	the	lme4	package	(Bates,	Maechler,	Bolker,	&	Walker,	2015).
When	 analyzing	 the	 effects	 of	 self-	fertilization	 on	 plant	 fitness	
traits	(e.g.,	height),	we	used	a	combination	of	chi-	square	contingency	
tables	 (the	germination	of	selfed	and	outcrossed	seeds),	generalized	
linear	models	 (GLMs)	with	 a	Poisson	 error	 distribution	 (plant	 height	
at	reproductive	maturity)	and	ANOVAs	(duration	to	reproductive	ma-
turity	and	plant	biomass	at	reproductive	maturity).	In	both	GLMs	and	
ANOVAS,	 the	 fitness	 trait	measured	was	modeled	 against	 the	mat-
ing	 system	 (outcrossed	or	 selfed)	 for	 all	 surviving	 germinated	 seeds	
(n =	56).
When	 analyzing	 pollen	movement	 parameters,	we	 used	 a	 com-
bination	 of	 chi-	square	 contingency	 tables	 (the	 incidence	 of	 self-	
fertilization	modeled	against	 the	number	of	outcrossing	events)	and	
binomial	 proportion	 tests	 (the	 distance	 of	 pollination	 events,	 the	
movement	of	pollen	across	habitats	of	different	floral	covers	and	the	
movement	of	pollen	 to	and	 from	habitats	of	different	 floral	 covers).	

















3.1 | Pollinator activity and species richness
Considering	insect	taxa	generally	thought	to	be	the	most	effective	pol-
linators	(i.e.,	Apoidea,	Syrphidae,	and	to	a	lesser	extent	Lepidoptera),	
greater	 numbers	 were	 caught	 in	 pan-	traps	 centered	 on	 the	 ex-
perimental	 plant	 arrays	 in	 florally	 poor	 habitats	 (Mean±SE	 Florally	












corded	 in	pan	traps	centered	on	the	experimental	plat	arrays	 in	 flo-
rally	 poor	habitats	 (Mean	±	SE	672.5	±	103.14)	 compared	 to	 florally	
rich	 habitats	 (Mean	±	SE	 318.5	±	56.83)	 (GLMM	 z	=	−4.68,	 df	=	59,	
p <	.0001).	 Non-	Syrphid	 Diptera	 and	 Coleoptera	 comprised	 the	
greatest	 proportion	 of	 flower	 visiting	 taxa	 in	 both	 habitats	 (Florally	











As	expected	 for	 a	partially	 self-	compatible	 species,	 levels	of	 selfing	
were	 low	 in	field	exposed	plants.	However,	 the	proportion	of	prog-
eny	 that	were	 produced	 by	 self-	fertilization	was	marginally	 greater	
from	 plants	 within	 florally	 rich	 habitats	 (Florally	 rich=15%;	 Florally	
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Paternal	assignments	were	achieved	for	300	of	the	457	amplified	
samples,	with	the	remainder	(n =	157)	disregarded	(trio	∆	confidence	
score	 of	 below	 95%).	The	 greatest	 proportion	 of	 pollination	 events	
happened	 over	 short	 distances	 (1	m	=	72%;	 Figure	4).	We	 observed	
a	 number	 of	 long	 distance	 pollen	 movements	 (n =	34	 (11%	 of	 all	
movements))	and	of	these,	a	significantly	greater	proportion	travelled	






experimental	arrays	was	affected	by	 the	 floral	 richness	of	 the	 inter-
vening	habitat.	Regarding	the	total	number	of	50	m	pollination	events	
across	all	blocks,	pollen	movement	was	greatest	between	two	arrays	
positioned	within	 florally	poor	habitats,	 that	 is,	where	 the	 interven-
ing	habitat	had	low	floral	cover	(Florally	poor	cover	=	73%,	a	mixture	
of	 both	 florally	 poor	 and	 florally	 rich	 cover	=	14%	 and	 florally	 rich	
cover	=	14%;	χ²	=	23.05,	df	=	2,	p <	.001;	Figure	5).	Furthermore,	the	
total	 number	 of	 long-	distance	movements	 (50–150	m)	 to	 and	 from	
each	array	was	positively	correlated	with	pollinator	activity	densities	
(GLM	z	=	2.06,	df	=	15,	p =	.036).
3.3 | Plant fitness components: seed production, 
germination rates, and progeny traits
The	number	of	fruits	and	seeds	produced	per	plant	was	highly	vari-
able	 (fruit	 range	=		4–23,	seed	range	=	0–589).	However,	 total	 seed	
set	 in	arrays	within	 florally	poor	habitats	was	1.8–fold	greater	 than	
in	 those	 within	 florally	 rich	 habitats	 (GLMM	 z	=	−1.980,	 df	=	613,	
p =	.048;	Figure	6).	Furthermore,	the	number	of	additional	seeds	pro-
duced	by	pollen	supplementation	was	greater	in	florally	rich	habitats	
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Germination	 rates	 of	 progeny	 arising	 from	plants	 located	 in	 flo-





seeds	which	were	 a	 product	 of	 outcrossing	 (outcrossed	 seeds	=	0.8	







4.1 | Habitat effects on pollinator visitation
Consistent	 with	 previous	 work	 (Veddeler	 et	al.,	 2006),	 we	 found	 a	
negative	 association	 between	 florally	 rich	 habitats	 and	 the	 activity	
density	and	species	richness	of	pollinators.	Elsewhere,	the	abundance	




tats	 providing	 abundant,	 diverse	 floral	 resources,	 pollinator	 visita-
tion,	and	fidelity	is	effectively	“diluted,”	which	may	result	in	lower	per	
capita	visitation	and	greater	 interspecific	competition	for	pollination	









tarity	 (Pisanty,	Afik,	Wajnberg,	 &	Mandelik,	 2016),	 often	 leading	 to	
enhanced	pollen	deposition	(Larsen	et	al.,	2005)	and	seed	production	
(Martins,	Gonzalez,	&	Lechowicz,	2015).	Alternatively,	a	high	diversity	
of	 pollinators	visiting	 diverse	plant	 assemblages	 can	 result	 in	 an	 in-
crease	 in	 heterospecific	 pollen	 deposition,	which	 can	 interfere	with	
conspecific	 pollination	 by	 stigma	 clogging	 (Holland	 &	 Chamberlain,	
















4.2 | Habitat effects on pollen movement
Consistent	 with	 previous	 studies,	 our	 findings	 indicate	 that	 pollen	
movement	 between	 local	 populations	was	 strongly	 affected	 by	 the	
floral	composition	of	a	habitat	 (Dyer,	Chan,	Gardiakos,	&	Meadows,	
2012;	 Lander	 et	al.,	 2011).	 Pollen	 movement	 between	 experimen-
tal	arrays	 (50	m)	was	greater	when	the	surrounding	and	 intervening	
habitat	 comprised	 livestock	 grazed	 grassland	or	 fallow	 ground	with	
low	richness	of	floral	resources.	In	addition,	we	found	very	few	pol-
lination	 events	 between	 arrays	 separated	 by	 habitats	 of	 high	 floral	
cover	or	 those	with	heterogeneous	 intervening	habitats	 (i.e.,	 a	mix-
ture	of	habitats	comprising	high	and	 low	floral	cover).	These	results	





neous	 landscapes	 (Lander	 et	al.,	 2013).	 This	 principle	 assumes	 that	
pollinators	 will	 occupy	 optimal	 foraging	 habitat	 until	 resources	 are	
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between	plant	 populations,	 the	weighted	 line	 foraging	 strategy	will	
have	 implications	 for	genetic	exchange	and	 the	genetic	diversity	of	
rare	plant	populations.
The	 floral	 cover	 of	 the	 surrounding	 habitat	 greatly	 affected	 the	
distance	of	pollen	movement	with	plants	in	florally	poor	habitats	sub-
ject	 to	 more	 long-	distance	 pollination	 events	 than	 those	 in	 florally	
rich	 habitats.	We	 further	 show	 this	 to	 be	 positively	 correlated	with	
activity	density	of	pollinators.	From	this,	we	can	infer	that	pollinators	
were	 following	 optimal	 foraging	 expectations,	where	movement	 re-
flects	 energy	 efficient	 behavior.	 Indeed,	we	 show	 that	 in	 both	hab-

































ceptiveness,	 the	 ability	 of	 a	 plant	 to	 attract	 pollinators	 is	 therefore	






Jayachandra,	 1980)	 and	 to	 the	 genetic	 relatedness	 of	 pollen,	which	
can	 lead	to	 inbreeding	depression	 (Fischer,	Hock,	&	Paschke,	2003).	
Our	findings	indicate	that,	through	alterations	to	pollinator	visitation	
and	 subsequent	 reductions	 in	 pollen	 receipt,	 florally	 rich	 habitats	
can	promote	higher	levels	of	self-	fertilization.	Further,	given	reduced	
germination	rates	in	progeny	from	plants	in	florally	rich	habitats	and	
the	 negative	 relationship	 observed	 between	 germination	 and	 self-	
fertilization,	 results	 are	 indicative	 of	 higher	 rates	 of	 self-	fertilization	
then	 detected	 by	microsatellite	 analysis.	 Reproduction	 by	 selfing	 in	
self-	incompatible	or	partially	 self-	compatible	plants	can	have	a	neg-
ative	 impact	on	 the	 fitness	of	progeny,	shown	 in	 this	study	through	
a	 reduction	 in	germination	 rates.	These	 findings	are	consistent	with	




2010),	 reductions	 in	germination	did	not	 translate	 into	negative	 im-
pacts	on	late	fitness	traits	(e.g.,	time	to	reproductive	maturity)	of	sur-
viving	plants.	This	suggests	that	the	immediate	effects	on	population	
persistence	would	 be	 due	more	 to	 changes	 in	 vital	 rates	 than	 trait	
differentiation.
4.4 | Implications for the conservation of rare plants
Rarity	in	plants	can	be	driven	by	biological	or	anthropogenic	factors	
and	is	often	characterized	by	populations	comprising	low	genetic	vari-





with	 higher	 self-	fertilization	 rates	 further	 reduces	 genetic	 variation	
and	ultimately,	increases	the	risk	of	local	extinction	(Etterson,	2004).	
We	 suggest	 that	 conservation	 efforts	 for	 plants	 facing	 conditions	
associated	with	 rarity	may	 benefit	 from	 focus	 on	 enhancing	 visita-
tion	 and	movement	 of	 pollinators	 between	 conspecifics.	 This	 could	
be	achieved	through	a	combination	of:	 i)	 increasing	the	competitive	
advantage	of	plant	populations	 (e.g.,	 increasing	 a	plant’s	 population	
size;	Mayer	et	al.	2012),	ii)	managing	surrounding	habitats	to	enhance	






teractions	 and	 alters	 the	 reproduction	 of	 rare	 plant	 populations.	 In	
florally	rich	habitats,	rare	plant	populations	are	at	a	competitive	dis-
advantage	 for	 pollinator	 visitation	when	 faced	with	more	 abundant	
co-	flowering	heterospecific	plants.	Consequently,	rare	plant	popula-
tions	in	these	habitats	suffer	from	increased	rates	of	self-	fertilization,	
limited	 pollen	 movement,	 and	 reduced	 reproductive	 success.	 The	





plants	 that	 are	 widespread	 but	 occur	 at	 low	 frequency	 within	 the	
environment.
Indeed,	pollinator	behavior	has	been	observed	to	alter	in	relation	
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